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Diletta Morelli Venturi,”™ ® Maria Sole Notari,' Letizia Trovarelli,'” Edoardo Mosconi,® ©
Asma A. Alothman,” Anastasia Molokova,” Niklas Ruser,” Christoph Meier,”
Bastian Achenbach,™ Kirill A. Lomachenko, Tiziana del Giacco,*“ Ferdinando Costantino,*™

and Norbert Stock*®®!

Cerium-based Metal-Organic frameworks (Ce-MOFs) are attract-
ing increasing interest due to their similar structural features to
zirconium MOFs. The redox behavior of Ce(lll/IV) adds a range
of properties to the compounds. Recently, perfluorinated linkers
have been used in the synthesis of MOFs to introduce new
characteristic into the structure. We report the synthesis and
structural characterization of Ce(lV)-based MOFs constructed
using two perfluorinated alkyl linkers. Their structure, based on
hexanuclear Ce;0,(OH),"*" clusters linked to each other by the
dicarboxylate ions, has been solved ab-initio from X-ray powder
diffraction data and refined by the Rietveld method. The

Introduction

Metal-Organic Frameworks (MOFs) are crystalline materials
formed by inorganic nodes linked to each other by poly-
functional organic molecules. The ability to design and use
different Secondary Building Units (SBUs) and ditopic or
polytopic organic linkers results in the construction of a large
diversity of MOFs whose composition and properties can be
adapted to specific applications.™ In terms of stability and
structural versatility Zr-based MOFs are today considered as
benchmark materials and are used for many applications
ranging from gas sorption and separation,”” catalysis,” water
harvesting,” as carriers for drug delivery™ and proton
conductivity.”” On the other hand, the chemistry of Ce(IV) MOFs

crystallization kinetics and the MOF formation mechanism was
also invesitigated by Synchrotron radiation with XAS spectros-
copies (EXAFS and XANES). The MOFs present the same fcu
cubic topology as observed in MOF-801 and UiO-66, and they
showed good stability in water at different pH conditions. The
electronic structure of these MOFs has been studied by DFT
calculations in order to obtain insights into the density of states
structure of the reported compounds, resulting in band gaps in
the range of 2.8-3.1 eV. Their catalytic properties were tested
both thermally and under visible light irradiation for the
degradation of methyl orange (MO) dye.

is a relatively new research field” which is attracting a growing
interest due to the ability of Ce(lV) ions to afford MOFs
isostructural to the Zr analogues but also showing additional
properties due to the redox activity of the Ce(IV)/Ce(lll) couple.”!
In recent years, Ce-MOFs have found potential applications
mainly in (photo)redox and electrocatalysis, as sensors, and for
adsorbing and separating gases.”'”

The removal of toxic organic contaminants from waste-
water, which is necessary to reduce public health hazards and
ecosystem damage, has inspired an extensive search for
materials capable of efficiently degrading pollutants.™”

Ce-MOFs are suitable candidates for use as redox
(photo)catalysts, as in the recently published results on two
isostructural Ce(lV)-MOFs, CAU-58, containing the photoactive
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arenedicarboxylic linker molecules 4,4’-oxydibenzoic acid and
4,4'-carbonyldibenzoic acid."? Carboxyalkyl linkers have scarcely
been described in literature for the preparation of MOFs
compared to aromatic ones as the flexibility of the linkers often
does not allow to maintain the permanent porosity upon
solvent removal.*' However, aliphatic linkers can be used for
the preparation of flexible MOFs, able to change their structure
upon external stimuli™ In literature, examples of the use of
such kind of linkers were recently reported such as the Zr-based
MOF MIP 203, in which fumaric acid (MIP203-F), succinic acid
(MIP203-S) and malic acid (MIP203-M) are employed. Based on
the linker used, MIP-203 (-F, -S, and -M) show altered
selectivities in CO, adsorption over N, caused by different
flexibility of the linkers."® In recent years fluorinated linkers or
fluorinated inorganic building units have been extensively used
in order to enhance some properties of the MOFs such as the
water stability, the compatibility with hydrophobic polymers
and selectivity towards important gases such as CO, and small
unsaturated hydrocarbons."” Indeed, the presence of the dipole
in the C—F bond, due to the high electronegativity and low
electric polarizability of fluorine, can produce a variety of
characteristics, including specific adsorption sites for polar
molecules. We recently reported a fluorinated Zr-MOF based on
tetrafluorosuccinic acid (H,TFS) having a structure similar to
that of fumarate MOF-801. It was obtained by direct synthesis
and by post-synthetic exchange on preformed Zr-MOF-801,
resulting in mixed-linker MOFs. A remarkable increase in CO,
adsorption selectivity and heat of absorption was observed due
to the favorable interactions of CO, with fluorine atoms of the
chains."® In the present work, two new cerium MOFs were
synthetized using perfluoroalkyldicarboxylic acids with different
carbon chain length as linkers, namely tetrafluorosuccinic
(H,TFS) and octafluoroadipic (H,OFA) acids (Figure 1). The
syntheses were carried out at room temperature and two
materials with good crystallinity were obtained. The MOFs were
fully characterized by powder X-Ray diffraction (PXRD), TGA and
gas sorption analysis. Synchrotron light radiation was employed
to study the in-situ crystallization kinetics and the oxidation
state of Ce ions by means of EXAFS analysis. In order to
determine the electronic structure of the two MOFs DFT
calculations were employed resulting in band-gaps (BG)
comprised into the 2.7-3.1 eV range. The electronic structure of
pure Zr-MOF containing TFS*™ as linker was also calculated
resulting in a BG value higher than 5eV. However, the
calculated electronic structure of hypothetical mixed-metal Ce/
Zr-MOFs resulted in a BG of about 3 eV, meaning that mixed-
metal Ce/Zr-MOF will very likely maintain the photocatalytic
properties with an improved thermal stability typical of Zr-
MOFs." In the present work the two Ce-MOFs were employed
as catalysts, both under irradiation and in the dark, for the
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Figure 1. Molecular structure of H,TFS (left) and H,OFA (right).
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degradation in water of the methyl orange (MO) dye at different
pH values. CeOFA was found to display the better catalytic
performance probably due to its improved stability and to a
favorable adsorption of the dye onto the MOF surface.

Experimental Section
Synthetic Procedures

Synthesis of CeTFS [Ce,0,(OH),(TFS)s(H,0) - 10H,0

(NH,),Ce(NO;)¢ (0.4 mmol, 219 mg) and H,TFS (0.4 mmol, 76 mq)
were placed together in a 7 ml Pyrex reactor with 1 mL deionized
water. The reaction mixture was stirred at room temperature for
1 h. The obtained light yellow solid was recovered by centrifuga-
tion, washed twice with water (2 mL) and once with acetone (2 mL)
and dried in an oven at 80°C. ICP analysis: Ce calc 38.67 wt%, exp
35.62 wt%. IR bands ATR (cm™") 3618 (sh), 3577 (br), 1655 (s),
1406 (s), 1175 (s), 1122 (s), 962 (s), 802 (s); Yield 79.4%.

Synthesis of CeOFA [Ce,0,(OH),(OFA)4H,0),]-7H,0

(NH,),Ce(NO;)¢ (0.4 mmol, 209 mg) and H,OFA (0.4 mmol, 106 mg)
were placed together in a 7 ml Pyrex reactor with 1 mL deionized
water. The reaction mixture was stirred at room temperature for
1 h. The obtained light yellow solid was recovered by centrifuga-
tion, washed twice with water (2 mL) and once with acetone (2 mL)
and dried in an oven at 80°C. ICP analysis: Ce calc 30 wt%, exp
2743 wt%. IR bands ATR (cm™") 3629 (sh), 3577 (br), 1671 (s),
1440 (s), 1164 (s), 1052 (s), 8892 (s), 798 (s); Yield 70.4 %.

In situ Experiment: Synthesis and Combined XAS/XRD
Measurements

The in situ study described hereafter took place at beamline ID24-
DCM (ESRF, Grenoble, France) and was carried out with SynRAC
(Synchrotron-based Reaction cell for the Analysis of Chemical
reactions) unit.”” The SynRAC unit has been developed for in-situ
monitoring of solvothermal synthesis using synchrotron X-ray
based techniques. The reaction vessel consists in a 7 mL Pyrex vial
placed inside an aluminum casing and is surrounded by a heating
mantle for precise control of the temperature. An electromagnetic
stirrer is also integrated for sample agitation up to 1200 rpm.

The synthesis of CeTFS and CeOFA were investigate. In a Pyrex
reactor, containing 0.4 mmol of linker (H,-TFS 76 mg, H,-OFA
106 mg), 1 mL of a (NH,),Ce(NO,)s solution in water (0.4 mol-L™")
were injected (20 mL-min~") in order to start the reaction. The
experiments were performed at room temperature.

X-ray absorption spectroscopy (XAS) data were collected at Ce K-
edge. The storage ring was operating in 16-bunch top-up mode
with 75 mA maximum current. X-rays were generated by an
undulator with 27 mm period (5" harmonic). Rejection of higher
harmonics was ensured by a pair of Pt-coated mirrors positioned at
1.8 mrad angle to the incident beam. Energy scanning was done by
a fixed-exit monochromator with a pair of Si311 crystals. The
spectra were collected in continuous mode and the undulator gap
was also scanned in real time in order to match the energy of the
monochromator. Detection was done by three ion chambers
(OKEN) operated at 2 kV and filled with 30% Kr/N, (l,) or pure Kr
(I,,1,) at 1 bara pressure. Resulting time resolution was around 20 s
per spectrum. Collected XAS data were treated using inhouse code
relying on Larch Python library.?"
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XRD patterns were collected at 35.1 keV (A=0.353 A) using a 2D
detector (Dectris Pilatus 1 M) placed at a calibrated distance of
75 cm from the reactor. XRD data were integrated using DIOPTAS
software,”? that relies on the PyFAl library.”® Resulting time
resolution was around 7 s per XRD pattern.

In order to increase the time resolution, XAS and XRD data were
collected separately, so the synthesis of each MOF was repeated
twice in identical conditions.

DFT Calculation

MOF geometry optimization has been carried out with the CP2 K
code.” Atom-centered Gaussian-type basis functions were used to
describe the orbitals. The MOLOPT®” basis set for Ce, Zr, O, C, F and
H was employed and a cutoff of 500 Ry for the plane waves along
with PBE functional was used.” Core-valence interactions are
described by Goedecker-Teter-Hutter pseudopotentials.”” In this
simulation, the structural data obtained from the Rietveld refine-
ment was used as the initial model and a joint atomic position and
cell parameters optimization keeping the three axis orthogonal was
performed. The Brillouin zone was sampled at the T point.
Electronic structure calculations were carried out following a similar
approach as proposed by Truhlar and co-workers,® the electronic
properties were calculated with the HSE06 hybrid functional as
implemented in the VASP program package.”*** As already
reported, HSEO6 nicely reproduces band gaps of various functional-
ized Zr-Ui0-66"” and Ce-MOFs,*" showing quantitative agreement
with the experimental values. The core —valence electron inter-
actions were described using the projector augmented wave (PAW)
method 3 with electrons from H1s; C 2s2p; N 2s2p; O 2s2p; F 2s2p;
Zr 4s4p5s5d; Ce 5s5p6s5d4f shells explicitly included in calcula-
tions. Dispersion interaction were described with the DFT-D3
approach.®** Single point calculations on the relaxed geometries
were carried with the HSE06 functional ¥

Degradation Experiments

For the photocatalytic tests, the suspensions were prepared in a
vial by adding 5 mg of the respective MOF (1 g-L™") to 5 mL of the
dye aqueous solution (4x107> M) at different pH values adjusted
using either HCl or NaOH. Measurements were carried out in an
Applied Photophysics multilamp apparatus equipped with six
phosphor-coated fluorescent lamps (15 W each) emitting at 355 nm
(AA,,,=20 nm). The two MOFs show absorption in the range of 200
and 450 nm (Figure S1). During the reaction, the suspension was
stirred and kept in air and at room temperature. The dye
degradation was monitored at different irradiation times. The
catalyst was separated by filtration through a 0.20 pm-pore size
membrane filter (Minisart RC). The filtrate was transferred into a 4-
mL quartz cuvette for UV-Vis analysis. Absorption spectra were
recorded on an Agilent 8453 Diode Array UV-Vis spectrophotom-
eter. Observed rate constants were determined by monitoring the
change of absorbance at the absorption maximum as a function of
the irradiation time. The same procedure was performed to
determine the amount of MO degradation under dark conditions.

Results and Discussion
Crystalline CeTFS and CeOFA are easily synthetized at room

temperature without using acidic modulators. The structures
were solved ab-initio and refined against powder X-ray
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diffraction data using the Rietveld method (See SI for details,
Figure S3 and S4).

The PXRD patterns were indexed by using the N-TREORE”
program resulting in cubic unit cells as observed for Zr-MOF-
801 (a=18.0423(5) and 19.8233(4) A for CeTFS and Ce-OFA,
respectively)."® The increase of lattice parameter value by a
factor of more than 1.5 A compared to the one for CeTFS is in
line with the increase of the linker size. The refinements were
successfully carried out in the Pa-3 space group and for both
compounds the same fcu topology was observed as for Ce-
MOF-801.”7 The Ce atoms form hexanuclear clusters, and they
are nine fold coordinated with an apical water molecule, as also
found in RE-fcu MOFs.®**”) The hexanuclear clusters are twelve
fold connected through the linkers leading to octahedral and
tetrahedral pores decorated by the F-atoms. Due to the steric
hindrance of the F atoms in CeTFS, the carboxylate groups are
in pseudo-trans position relative to the central C—C bond. For
the same reason, the OFA”" linker in CeOFA is in an extended
conformation with the F atoms arranged in a helix to minimize
interactions (Figure 2). In comparison to the defect-free frame-
works, the Ce content of CeTFS and CeOFA is lower by 3 and
2.6 %, respectively. These small deviations have been attributed
to missing cluster defects.®®

The FT-IR spectra confirm the presence of the p,-OH group
in the hexanuclear MO,(OH),"** clusters with the signal are
around 3620 cm™'.®¥ The presence of additional guest mole-
cules such as unreacted linker can be excluded since the C—OH
band is not observed. The two bands at around 1660 and
1420 cm™' are related to the symmetric and asymmetric
stretching vibration of the carboxylate group that coordinate to
the cerium ion. The C—F stretching and deformation bands are
also present (Figure S6 and Table 56).*”

Mercury software was used to perform geometric pore size
analysis on both compounds, using helium as the probe.
Additionally, a comparison was made with the Ce-fumarate
MOF reported in 2015.” The accessible pore volume for the Ce-
fumarate MOF is about 0.161 cm®g™', while the values for CeTFS
and CeOFA are 0.141 and 0.136 cm®g™', respectively. These
values are lower than those measured for Ce-fumarate due to
the presence of bulky fluorine atoms.

However, CeTFS and CeOFA have a network accessible
surface area of 0 A%, while Ce-fumarate has a value of 15 A2 This
indicates that the F atoms of the chain significantly restrict gas
diffusion, which is consistent with the very low N, absorption
uptake measured for CeTFS and CeOFA at 77 K. The same
behavior has been previously reported for ZrTFS.'¥

Similarly in the analogue ZrTFS,"® the presence of fluorine
atoms on the aliphatic chains reduces the windows size
significantly compared to the fumarate based MOF-801 (about
3.2 A vs 5 A), preventing the adsorption as demonstrated by the
N, and CO, absorption measurements at 77 and 298K,
respectively (Figure S9 and S10). The water sorption isotherm
shows an uptake of about 15% and 9% at 0.9 p/p° for CeTFS
and CeOFA at 298 K, respectively (Figure S11).

Contrary to the expected behavior, both CeTFS and
CeOFA exhibit water absorption even at low relative humidity
levels (about 10% at room termperature), suggesting that
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Figure 2. Left panel: Polyhedral representation of CeTFS (a), detail of the hexanuclear 12-c cluster (b), of the ligand conformation (c) and detail of the
tetrahedral cavities in CeTFS (d). Right panel: Polyhedral representation of CeOFA viewed along [110] (a), detail of the hexanuclear 12-c cluster (b), of the

ligand conformation (c) and of the tetrahedral cavity within CeOFA (d).

the pore environment has poor hydrophobicity. In addition,
the powders are readily dispersed in water during the
catalytic test. According to Mayrhofer et al., the crucial factor
for the hydrophobicity of fluorinated materials lies in their
ordered structures.”” Indeed, the intricate hydrophobic
properties of fluorinated carbon compounds are due to
minimal electrostatic interactions between the surface and
water, a phenomenon observed only when the surface is
highly ordered. Based on the structures refined from PXRD
data, CeTFS and CeOFA exhibit a high degree of linker
disorder. Consequently, based on the structure data of the
two materials and the model proposed by Mayrhofer et al, it
is plausible to correlate the low hydrophobicity of the
materials with the structural disorder present.

In Situ Experiment: Synthesis and Combined XAS/XRD
Measurements

Real-time monitoring of the synthesis process was conducted
PXRD and Ce K-edge XAS. The XRD patterns collected during
the synthesis of CeTFS and CeOFA are presented in Figures 512
and S13. Evolution of the XANES spectra during the synthesis of
CeOFA and CeTFS is presented in Figure S14. In order to obtain
concentration profiles of the involved Ce species and make sure
that the synthesis at the beamline resulted in the same
compounds as in the controlled conditions in the lab, linear
combination fitting (LCF) of XANES spectra was performed. For
each compound two reference spectra were used: the spectrum
of aqueous solution of cerium ammonium nitrate (starting
material) and the spectrum of the corresponding MOF synthe-
sized in the lab and measured in the solid state as self-
supporting pellet (Figure 3a).

Chem. Eur. J. 2024, €202400433 (4 of 9)

Resulting concentration profiles for CeTFS and CeOFA are
presented in Figure 3b, c. Notably, for both CeTFS and
CeOFA, the conversion of cerium ammonium nitrate to the
final products was observed. The reaction kinetics for CeTFS
showed a higher reaction rate, achieving complete trans-
formation of CAN in water to the final product in less than
1 minute. In contrast, the reaction rate for CeOFA was
significantly slower, with the fraction of the final product
reaching approximately 80 % after 15 minutes. The low values
and, overall, weak variations of the R-factor confirm the
reliability of the fits (fits of the final spectra of each synthesis
are presented in Figure S15). Small, but measurable increase
of the R-factor in the first minutes of the reaction was found
to correspond to the increase of the overall noise of the
XANES data, most probably due to the physical inhomoge-
neity of the solution (Figure S16). Figure 3b, ¢ shows the
concentration profiles obtained from LCF together with the
evolution of the intensity of the first XRD reflection appear-
ing upon the formation of CeTFS and CeOFA. The two trends
observed by XRD and XANES are in good agreement,
confirming that the evolution of Ce local environment is
directly related to the crystallization of the MOFs.

DFT Calculations

In order to gain insight into the electronic and optical proper-
ties of the new materials, DFT calculations were carried out. In
particular, the geometry optimization of the crystal structures
and the determination of the density of states (DOS) were
carried out for CeTFS, CeOFA and ZrTFS, as well as for a
theoretical structure containing mixed-metal Ce/Zr clusters, see
ESI for the model details."™ For ZrTFS a band gap of 5.2 eV was
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Figure 3. (a) Normalized Ce K-edge XANES spectra of references for linear combination fitting (LCF): pellets of CeTFS and CeOFA, and water solution of cerium
ammonium nitrate (CAN in H,0); (b, ¢) Concentration profiles of reference species obtained by LCF of the in situ Ce-K-edge XANES data in comparison with
time evolution of the intensity of the first XRD peak of CeTFS (b) and CeOFA (c) structures measured in situ during the synthesis.

found, see Table 1, and the occupied states and the unoccupied
states show a similar contribution from both the inorganic
cluster and the linkers with a slight predominance of the
organic moiety, see Figure S18.

Moving to the mixed Ce/Zr species, a significant change in
the DOS was found with the introduction of a new signal
related to the unoccupied states, which is associated to the Ce
cluster, obtaining a calculated band gap of 3.0 eV, see Table S7
and Figure S18. This behavior is clearly confirmed going to the
fully Ce-based species (CeTFS), which shows higher unoccupied
Ce-states DOS due the higher Ce content, compared to the
mixed Ce/Zr species, with a band gap of 2.8 eV. These values
are similar to those previous calculated for other Ce-based
MOFs.B" Finally, for CeOFA, only marginal changes of the band
gap energy and the DOS shape are observed in comparison to
CeTFS (Table 1, Figure S18).

For photocatalytic applications in general the evaluation of
absolute band edge positions (with respect to the vacuum
level) and the band gap of the photocatalyst are fundamental
to predict the thermodynamic feasibility of the photocatalytic
reactions. To assess the potential photocatalytic properties of
the investigated materials, the highest occupied crystal orbital
(HOCO) energy level was approximated to the HOMO energy of
the isolated organic liker bridging two clusters (Figure $S19) and
the lowest unoccupied crystal orbital (LUCO) energy level is
calculated by adding the calculated band gap to the HOCO

Table 1. Theoretical highest occupied crystal orbital (HOCO) and lowest
unoccupied crystal orbital (LUCO) values along with the calculated band
gap (eV).

compound HOCO LUco Band Gap
ZrTFS —7.1 -1.9 52
CeTFS —7.2 —4.4 2.8
CeOFA -73 —4.4 29
Ce/Zr cluster - - 31

Chem. Eur. J. 2024, €202400433 (5 of 9)

values. As can be seen in Table 1, there is only a small difference
in the HOCO level of clusters bridged by TFS>~ and OFA®" ions,
with values between —7.1 and —7.3 eV, which in terms of
potential corresponds to about 2.4-2.6 V vs. SCE, respectively
(conversion as indicate in ref [42]).

Degradation Experiments

Methyl orange (MO) degradation was chosen as a model
pollutant to investigate the catalytic activity of CeTFS and
CeOFA in aqueous solution. MO contains a sulfonic acid group,
which explains the good solubility of this dye in water. In order
to investigate the influence of the degree of deprotonation of
the dye on the catalytic activity of the MOFs, the MO
degradation was carried out at a fixed MOF/substrate molar
ratio (ca. 55 and 71 for CeOFA and CeTFS, respectively, both
calculated per Ce atom) at pH 2.5 and 6.7. These values are
below and above the pK, of MO, reported to equal 3.47 in water
at 25°C (Figure S20)."¥ At pH 2.5, the UV-Vis spectrum of MO
shows two UV absorption bands at 277 and 318 nm due to the
n—7* transitions of the aromatic rings of MO, and a more
intense visible band (maximum) at 506 nm due to the n—n*
transition of the azo group (—N=N- bridge). A hypsochromic
shift of the absorption bands is observed for the deprotonated
form of MO, A,,.,,=272 and 465 nm, (Figure 521).*¥ A complete
degradation of the dye after 60 min at pH 2.5 was found for
CeOFA (Figure 4). The time evolution of the spectra shows that
the visible band is replaced by an absorption band centered at
250 nm (inset in Figure 4). This clearly shows that intermediates
with azo bonds (—N=N-) and their associated chromophores do
not accumulate under these experimental conditions. The
formation of byproducts containing the aromatic ring is
supported by an absorption band with a maximum at 250 nm,
which shows that complete decomposition has not yet
occurred. MO degradation in the presence of CeOFA performed
in the dark gives rise to the time-dependent UV-Vis spectra
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Figure 4. Absorption spectra recorded during the photodegradation
(A=355 nm) of MO (4.0-10~> mol-L™") with CeOFA (1.0 g-L™") in aqueous
dispersion at pH 2.5 as a function of irradiation time. Inset: change in
absorbance at 250 and 506 nm as a function of irradiation time.

depicted in Figure S22. As observed, the spectral shape is
similar to that observed under irradiation, but a lower
degradation rate was found. Quantitative kinetic analysis was
performed with pseudo first-order relation (Equation 1).

C=C, e ™ m

k=K -k )]

In this equation k is the degradation rate constant, which
depends on K, the reactant adsorption constant, and k,, the
effective reaction rate constant (Equation 2).

Equation 1, derived from the Langmuir-Hinshelwood
model, is valid at low substrate concentrations. In addition
there is no catalyst saturation and the adsorption of the
reaction intermediates can be neglected.”” By regression of
absorbance at 506 nm as a function of time (Figure S23 and
S24), the k value under irradiation (0.071 min~', R>=0.9944)
was calculated which is greater by a factor of ca. 7 compared
to the one determined in the dark (0.010 min™', R*=0.9891).
The reason for the difference in catalytic efficiency may lie in
the different nature of the oxidizing sites operating under
thermal and photochemical conditions. Metal nodes with
coordinatively unsaturated sites or with some exchangeable
ligands not involved with in the lattice structure, can act as
catalytic centers, analogous to molecular metal complexes
used in homogeneous catalysis. Therefore, under thermal
conditions, this type of node can promote Lewis acid
catalyzed reactions."

The metal nodes of MOFs can also be regarded as isolated
semiconductor quantum dots, which can be excited upon light
irradiation. The experimental results can be rationalized accord-
ing to the mechanism depicted in Scheme 1. Excitation with UV
light absorbed by the MOF (around 355 nm) promotes the
electron transfer from the valence band (VB) to the conduction
band (CB) of CeOFA (calculated band gap 2.9eV, equal to

Chem. Eur. J. 2024, €202400433 (6 of 9)

e@
‘yﬁ ot e
HOCO LUCoO

degradation H,O/OH~ 0,

products
A\@,ogz_ ~—0, — H,0
Dye 2 2V2

Scheme 1. Mechanism of MO degradation photocatalyzed by Ce-MOF
(CeTFS and CeOFA). After generation of a hole (h*},50) and an electron

(e Luco) by UV irradiation of the MOF different pathways for dye degradation
are possible. (1) Oxidation process of OH™ and H,O by the holes, (2) MO
oxidation by electron transfer to h* 5o and (3) MO oxidation by a hydroxyl
radical.

433 nm) leading to the generation of a hole (h*,oc0) and an
electron, respectively (€7 yco)-

As reported for TiO,, electrons react with O, to form
oxidative species such as H,0, and OH?®; the latter radicals could
also be produced from oxidation of OH™ and H,O by the holes
(1), see Scheme 1.7 The hydroxyl radicals, being highly reactive
species, are considered responsible for the more efficient MO
degradation under photochemical conditions. However, direct
oxidation of the dye by the holes cannot be excluded. Indeed,
as shown in Scheme 1, MO can be oxidized by electron transfer
to h™oco (2) and to hydroxyl radical (3) due to its redox
potentials (1.02 vs SCE*® less positive than the CeOFA potential
(here calculated 2.6 V vs SCE) and OH® (2.49 V vs SCE).1*>

Finally, in Figure 5, the calculated DOS of CeOFA aligned
with MO and OH* energy level rescaled vs. vacuum is reported
(negative values with respect to the potentials rescaled as
indicated in ref. [42]). This suggests the possibility of the hole
transfer from the MOF to form the hydroxyl radical (1, oxidation
process of OH®* and H,0) or to directly oxidize the MO (2, see
Scheme 1 and Figure 5).

Energy leV]

-7.2 eV OIOTE

DOS

Figure 5. Electronic DOS of CeOFA aligned to the MO and OH- potential. The
isodensity plot of the HOMO orbital is shown for MO (sodium salt)**”

(1) Oxidation process of OH* and H,O by the holes. (2) MO oxidation by
electron transfer to h* oco.
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Experiments carried out in the absence of CeOFA, both
under irradiation and in the dark, showed no significant
disappearance of MO, therefore the MOF plays a key role in the
dye degradation.

The shape of the absorption spectra as a function of time in
presence of CeTFS at pH 2.5 (Figure 6) is very similar to that
observed with CeOFA under identical experimental conditions
(Figure 4). As seen with CeOFA, the decrease in the intensity of
the visible band at 506 nm is accompanied by an increase in
the intensity of the band at 250 nm (Figure 6). In parallel, a new
band is observed at 211 nm, assignable to the formation of
aromatic degradation products. As observed for CeTFS, the
photocatalyzed degradation was faster than the thermal
degradation by a factor of 3 (k=0.12min™" and 0.040 min~",
respectively). The kinetic analysis of both reactions and the
absorption spectra recorded as a function of time under dark
conditions are represented in Figures S21 and S22. As can be
seen, the presence of the MOF was essential to be able to
observe MO degradation under both irradiation and dark
conditions.

Based on the rate constant values, CeTFS appears to be
more active than CeOFA in the dye catalyzed degradation. This
effect can be attributed to the electron withdrawing substitu-
ents, since the F atoms increase the Lewis acidity and thus the
oxidizability of the metal nodes (although very close VBE level
values were calculated for the two MOFs, see Table 1). The
higher activity of CeTFS could also be explained by the lower
steric hindrance of the fluorine atoms surrounding the
Ces0,(OH),"** clusters, which would favour the access of the
dye to the oxidative sites. Thus, the higher reactivity of this
MOF is probably due to steric hindrance rather than electronic
effects. This is also in line with the similar electronic structure,
VBE level and band gap calculated for CeTFS and CeOFA
species.

A significant difference in degradation kinetics at pH 6.7
compared to the more acidic pH was observed for both
CeOFA and CeTFS as the catalyst. The evolution of UV-Vis
spectra measured during MO photodegradation in the

28 2.0- Time (min)
o -'\ 21m —
215 progland —
= \ y
g 24\ o =
c S
& 2.0, 4 —10
e 4 —15
o 164 oo ———u— 30
by | 0 1020 30 40 50 60 80
O 'i time (min})
< 124
0.8 v\,\
0.4 W2 A
0.0 St

200 300 400 500 600 700
Wavelength (nm)

Figure 6. Absorption spectra recorded during the photodegradation of MO
(4.0x107° mol-L™") with CeTFS (1.0 g-L™") in aqueous dispersion at pH 2.5 as

a function of irradiation time (A =355 nm). Inset: change in absorbance at
211, 250 and 506 nm as a function of irradiation time.
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presence of CeOFA is shown in Figure S26. As expected, the
shape of the band with a maximum at 465 nm is more
complex due to the presence of MO in its deprotonated form
(Figure S27). The higher structural complexity is also reflected
in the species formed during the degradation. Within the first
15 min of irradiation, the visible band shifts towards larger
wavelengths (1,.,=472 nm), followed by a hypsochromic
shift towards 400 nm. These absorption bands are probably
due to intermediate structures formed by demethylation,
methylation and hydroxylation processes, as reported by
Baiocchi et al.”"

The degradation kinetics of MO at pH 6.7 could not be
determined due to the spectral overlap between MOF and
degradation products. The accumulation of intermediates
containing azo bonds and their almost complete degradation
within 60 minutes (Figure S26) seems to indicate an im-
proved efficiency of MO degradation at pH 6.7. One explan-
ation could be the concentration increase of OH® radicals,
generated by oxidation of hydroxyl ions that are more
available close to the MOF surface. However, based on the
available data we cannot exclude direct oxidation of mole-
cules. As already observed at the more acidic pH, the thermal
reaction at pH 6.7 proved to be slower, as demonstrated by
the decrease of the visible band absorbance by only 50%
after a reaction time of 60 min (Figure S27). To ensure that
the degradation was solely due to the presence of MOFs,
degradation studies were also carried out in the absence of
the MOFs at pH 6.7, both in the dark and under irradiation,
and no MO degradation was observed.

Recycling tests at pH2.5 showed that there was no
significant decrease in efficiency after two runs, indicating good
stability (Figure S28). This was also confirmed by PXRD (Fig-
ure S29) and by quantification of Ce ions on the reaction liquid
phase. The PXRD pattern of CeOFA shows no changes in
crystallinity, while the long-range order CeTFS decreased. These
results are consistent with the concentration of Ce ions
measured in the reaction solution. Leaching of cerium ions into
solution was quantified with inductively coupled plasma-optical
emission spectroscopy (ICP-OES) after 1 h irradiation to 0.5 wt%
for CeOFA and 3.0 wt% for CeTFS at pH=2.5 and to 0.2 wt%
for CeOFA and 2.7 wt % for CeTFS at pH=6.7.

Conclusions

Two new Ce-MOFs CeTFS and CeOFA with perfluoroalkyl
dicarboxylate ions have been prepared under mild reaction
conditions and fully characterized by several techniques.
Their structures are isoreticular to the zirconium fumarate
MOF-801, although the flexibility of the perfluoralkyl linker
and the steric hindrance of fluorine resulted in a very low
porosity for both compounds. The kinetics of MOF formation
and Ce oxidation state were also investigated by a combined
in-situ XAS and XRD crystallization study using synchrotron
radiation. DFT calculations have been used to determine the
electronic structure of the Ce-MOFs, which supports their
ability to act as hole donors for the production of OH®
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radicals and also for the direct oxidation of methyl orange
(MO), which was used as an organic model pollutant. There-
fore the two Ce-MOFs were used as photocatalysts for the
degradation of MO in water at different pH values under UV-
Vis irradiation. CeOFA shows good kinetics with minor loss of
activity while preserving crystallinity. The recyclability of
CeOFA makes it preferable to other homogeneous phase
oxidants, which may be more efficient in degradation (such
as CAN) but are certainly less environmentally friendly as
they are more difficult to recover.

Supporting Information

The authors have cited additional references within the
Supporting Information. CCDC 2323049 contains the crystallo-
graphic data for CeTFS and CCDC 2323048 contains the
crystallographic data for CeOFA.
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